Adult acute myeloid leukemia (AML) is often associated with a poor prognosis, with allogeneic transplantation representing the greatest chance of cure for eligible patients. Historically, the preferred donor source is a human leukocyte antigen-matched blood relative, although only approximately 30% of patients have access to such a donor. Alternative donor sources, including matched unrelated donors, umbilical cord blood, and haploidentical related donors, are available for almost every patient and are increasingly being used for patients without a matched related donor. Survival outcomes with these alternative donor sources now approximate those of matched related donor transplants. Given the safety and success of alternative donor transplants, comparative trials are needed to reassess the optimal donor source for patients with AML. This review summarizes the available data on these alternative donor transplants. Further investigation is needed to contemporize donor selection algorithms, but, in the current era, donor availability should no longer preclude a patient's eligibility for an allogeneic blood or marrow transplant.
Background
For 40 years, standard therapy for acute myeloid leukemia (AML) has remained infusional cytarabine/ anthracycline-based induction chemotherapy to achieve remission, followed typically by high-dose cytarabine consolidative therapy to prevent relapse. 1 In patients at high risk of relapse due to advanced age, unfavorable cytogenetics or molecular mutations, AML secondary to an antecedent hematologic malignancy, or relapsed/refractory disease, an allogeneic hematopoietic cell transplant (alloHCT) offers improved survival and the potential for cure. [2] [3] [4] [5] [6] Nonetheless, the effectiveness of this treatment is limited by 2 primary factors: toxicity and donor availability.
Early efforts at alloHCT for hematologic malignancies were associated with extensive treatment-related toxicity, including graft-versus-host disease (GVHD), infection, and organ damage, leading to transplant-related
The safety of alloHCT is dependent on not only the intensity of the conditioning regimen but also the genetic disparity between the donor and recipient. 9, 10 Selection of genetically similar donors limits alloreactivity between the immune systems of the donor and recipient, thus reducing the incidence of GVHD and graft rejection. The most important factor in preventing these immune complications is matching of major histocompatibility antigens, also known as human leukocyte antigens (HLAs), which is determined through molecular-based testing. [11] [12] [13] [14] Of secondary importance are minor histocompatibility antigen mismatches, which can lead to alloreactivity with resultant GVHD and graft rejection, although to a lesser degree than major HLA antigens. 15 Although testing for minor histocompatibility antigens is not typically prac-ticed, donors who are blood relatives of the recipient are favored as a means to empirically decrease minor histocompatibility mismatch. Based on this rationale, HLA-matched related donors (MRDs) have been the preferred donor source since the advent of alloHCT.
HLA antigens are inherited on the short arm of chromosome 6 and separated into 2 clinically relevant classes: I (HLA A, B, and C) and II (HLA DRB1, DQB1, and DPB1).
14 Each antigen is inherited as 2 haplotypes: 1 from the mother and 1 from the father. Because of this pattern of inheritance, a patient is rarely a full match with their parents or children. However, there is a 25% chance for a pair of siblings to inherit the same haplotypes from both parents. Overall, only 30% of patients requiring an alloHCT have an available MRD. 16 Thus, alternative donor sources, including HLA-matched unrelated donors (MUDs), umbilical cord blood transplantation (UCBT), and haploidentical related donors, have become critical to expand the donor pool.
Although alternative donor sources are typically only used when an MRD is unavailable, there are inherent benefits to these genetically disparate donor sources. An alloreactive immune response known as the graft-versus-leukemia (GVL) effect contributes to the therapeutic benefit of an alloHCT. 17 Clinical evidence has shown that GVL can be boosted with a greater degree of donor:recipient genetic disparity, resulting in lower rates of relapse in high-risk diseases such as AML. 17, 18 Unfortunately, GVL and GVHD are mechanistically similar, so an increase in GVL is generally offset by a concomitant increase in GVHD. Hence, strategies to balance the benefits and toxicities of donor:recipient genetic disparity are essential to the viability of alternative donor sources. Significant progress has been made during the past 40 years, allowing for flexibility in the donor selection process and donor availability for nearly every patient (Table 1) . 16, 19, 20 Alternative Donor Sources
Matched Unrelated Donors
Since the early 1980s, registries of volunteer adult donors have been used to locate appropriate MUDs, with >18 million donors now registered worldwide. 16, 21 Most patients are able to find a requisite 8/8 HLA matched donor, although there is significant ethnic disparity in this likelihood. For example, in the United States where the population is ethnically diverse, patients of white European descent have a 75% chance of finding an MUD, whereas African Americans only have an 18% likelihood. Other ethnicities fall between these 2 extremes. 16 The reasons for these discrepancies include both underrepresentation of some ethnic groups in the donor pool and increased genetic variation within certain ethnic populations, making HLA matching inherently less likely.
There is extensive historical experience with MUD transplants showing outcomes approaching MRD transplants, although mostly based on retrospective data. The largest such analysis compared outcomes with MRD versus MUD transplants in 2,223 patients with AML regardless of prior therapy or conditioning. 22 Acute GVHD risk was much higher in the 8/8 HLA MUD group at 51% compared with 33% in the MRD group, although relapse rates (39% vs 38%) and overall survival (OS; 35% vs 34%) were similar between these groups. Another study compared outcomes using MUDs versus MRDs in 584 patients with AML, although limited to those in first complete remission (CR1). 23 In this subset, OS and leukemiafree survival (LFS) did not differ statistically between MRD and MUD groups. However, there was a higher risk of chronic GVHD in the MUD group (59% vs 43%), and increased incidence of chronic GVHD correlated with reduced relapse rates.
Although MUDs have proven to be an effective donor source, it should be noted that the outcomes reported are for patients who successfully underwent HCT, thus excluding those for whom a donor was unavailable or who experienced relapse while waiting for a donor to be identified. Identification of a donor often delays HCT by weeks to months, which has been correlated with negative outcomes in patients with AML, such as increased relapse and TRM. 24 A recent multicenter study using expedited HLA typing to accelerate the search process still resulted in an average wait times of 76 days (range, 20-365 days) from remission to bone marrow transplant (BMT). 25 Increasing donor availability by allowing for 7/8 or 9/10 HLA matches for unrelated donors has been shown to increase mortality. 16, 22, 26 
Umbilical Cord Blood Transplant
In the 1980s, Broxmeyer et al 27 discovered that umbilical cord blood (UCB), usually discarded after birth, could potentially be used as a source of 29 The feasibility of UCBTs has been bolstered by subsequent data showing that these products can be stored and used for >20 years. 30 Additionally, because the immune system of UCB is immature, it is acceptable to use cords that are only 4/6 HLA matches (HLA A, B, and DRB1) . 31 This flexibility has been tremendously important, with >90% of patients, including minorities, able to find appropriate MUDs or UCB. 16 A landmark multicenter study published in 2001 prospectively evaluated myeloablative UCBT in 68 adult patients with hematologic malignancies, including 19 with AML. 32 Long-term LFS was achieved in 26% of patients, with severe acute GVHD in 20% and chronic GVHD in 38% of long-term survivors. Although promising, toxicities including infection and end-organ injury resulted in 47% TRM. Large retrospective studies were subsequently published comparing UCBT with MUD transplants. In Europe, an analysis was performed evaluating outcomes of 682 patients with acute leukemia, 362 of whom had AML, after myeloablative transplants. Results showed an OS rate of 36% in the UCBT group versus 44% in the MUD group, and TRM of 44% for UCBT compared with 38% for MUDs. Engraftment and acute GVHD were significantly lower in the UCBT group (75% vs 89%, and 26% vs 39%, respectively). 33 More recently, similar results were reported in a study comparing myeloablative UCBTs with MUDs (both marrow and peripheral blood donors) in 1,525 adult patients, 880 of whom underwent transplant for AML. 34 This study reinforced the efficacy of UCBT, with long-term LFS and OS rates that were comparable to the MUD groups at nearly 50%, and with significantly lower rates of both acute and chronic GVHD. However, TRM in the UCB group remained high at 37% compared with approximately 23% in the MUD groups, and only 80% achieved neutrophil recovery compared with >90% after MUD transplant.
Many early studies on UCBTs demonstrated that TRM and engraftment were improved when the donated cord had a higher total nucleated cell dose and CD34-positive cell dose. 32, 35 To increase the total nucleated cell dose, investigators at the University of Minnesota developed a novel approach using myeloablative conditioning with 2 partially matched (4-6/6 HLA) UCBTs given to the same patient sequentially. 36 All 21 patients engrafted and, by day 100, hematopoiesis from a single cord predominated in every patient. Severe acute GVHD rates were low at only 13%, suggesting safety of the method. Single versus double cord transplants have not been compared extensively in adults, but prospective trials in children (including young adults) have demonstrated similar survival, although a higher risk of GVHD, when using double cord transplants. 37 40 Given the toxicity reported in myeloablative UCBT trials and the advanced age of many patients with AML, nonmyeloablative conditioning has been studied to make UCBT safer. The largest such study retrospectively compared nonmyeloablative UCBT versus MUD and mismatched unrelated donors in 585 patients (523 with AML). TRM, OS, and LFS in the UCBT group were 19%, 37%, and 31%, respectively, all within the statistical error of the MUD group. Risks of acute GVHD were higher with UCBT compared with MUD, although chronic GVHD was lower in the UCBT group. 41 Additionally, nonmyeloablation results in efficient and robust immune reconstitution, even in older patients who are known to have slower reconstitution due to thymic atrophy or toxicity. 42 UCBT has helped expand the donor pool to almost all patients requiring a transplant, but has been associated with relatively high rates of TRM. Optimization of many variables, such as cell dose and conditioning regimen, continues to improve outcomes. In particular, in the nonmyeloablative setting, UCBT may be particularly safe and effective. Additionally, UCBTs are readily available and may be preferred when the risk of relapse precludes an extended MUD search.
Haploidentical Related Transplants
Because HLA genes are inherited as 2 haplotypes (one set from each parent), any patient will, by definition, match his parents and children for at least 1 haplotype. 43 Additionally, a sibling has a 75% chance of being at least a haploidentical match. Thus, almost all patients have at least 1 haploidentical donor, and most have multiple. This high frequency of readily available donors allows for rapid donor selection without a costly and prolonged unrelated donor search.
Early transplants using haploidentical donors were poorly tolerated due to immense alloreactivity created by HLA mismatch, resulting in high rates of graft failure, GVHD, and mortality. 11, 13, 44 Because these toxicities are mediated by T cells, selective ex vivo T-cell depletion (TCD) of the graft has been attempted to improve donor:recipient immune tolerance. Initial studies of this technique yielded low GVHD rates but high rates of treatment failure. 45, 46 Noting that high stem cell doses seemed to improve outcomes, Aversa et al 47 implemented a strategy of using granulocyte colony-stimulating factor (GCSF)-stimulated peripheral blood stem cells with ex vivo TCD, resulting in an infusion of mega-doses of CD34-positive stem cells. Conditioning included myeloablation and antithymocyte globulin, and no posttransplant immunosuppression was used. In a phase II study of 101 patients with acute leukemia (67 with AML), primary engraftment was successful in 93%, both chronic and acute GVHD occurred in <10%, and relapse occurred in 24% of those with AML. 48 Nonetheless, feasibility was limited by a TRM of 40% due largely to infectious complications. Research is ongoing to improve outcomes for TCD haploidentical HCTs by depleting or reinfusing select T-cell populations to bolster immune reconstitution, although results have been mixed and longterm feasibility is unclear. [49] [50] [51] [52] The Peking University Institute of Hematology group 53 developed an alternative myeloablative regimen with GCSF stimulation of the donor, intensified immunosuppression including antithymocyte globulin, and a combined peripheral blood stem cell and bone marrow graft, commonly called the GIAC strategy. This initial study included 171 patients, 51 of whom had AML. Severe acute and chronic GVHD rates were 23% and 74%, respectively. The nonrelapse mortality (NRM) rate was 20%, with a relapse rate of only 12%, although this included patients with low-risk disease. For patients with higher-risk disease, the NRM rate increased to 31%, with a relapse rate of 39%. A subsequent multicenter prospective study comparing this regimen in patients with AML yielded similar results, while also confirming that the outcomes were nearly equivalent to those in the MRD arm. 54 Investigators at the Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins later developed a haploidentical HCT regimen to target alloreactive T cells in vivo using nonmyeloablative conditioning, a bone marrow stem cell source, and posttransplant cyclophosphamide (PTCy) at 50 mg/kg on days 3 and 4 after transplantation followed by oral immunosuppresion. 55 Rate of initial engraftment, severe acute GVHD, and chronic GVHD rates were favorable at 87%, 6%, and 5%, respectively, although the relapse rate was high at 51%. The safety and feasibility of the PTCy regimen have been replicated in multiple subsequent studies. [56] [57] [58] A few studies have compared nonmyeloablative PTCy haploidentical HCTs to other donor sources. A retrospective study compared outcomes of 227 patients with AML or MDS undergoing HCT with either MRD, MUD, or haploidentical donors using the PTCy regimen. 57 Engraftment in the haploidentical group was 97%. Haploidentical patients experienced no severe acute GVHD, which was significantly better than 11% in the MRD group. Otherwise, NRM and relapse rates were comparable across the 3 groups. Although no published trials have directly compared PTCy haploidentical HCTs to UCBTs, results of parallel multicenter phase II studies of patients with leukemia or lymphoma suggested that the haploidentical group had lower rates of NRM (7% vs 24%) but higher rates of relapse (45% vs 31%). 59 To help decrease relapse rates, some investigators have used myeloablative conditioning with PTCy. A more recent prospective study used a treosulfanmelphalan myeloablative regimen before haploidentical peripheral blood stem cell transplants with PTCy. 60 The overall relapse rate was 35% and NRM rate was still favorable at 17% at 1 year. A large retrospective study compared PTCy haploidentical versus MUD transplants in 1,982 adult patients with AML, allowing for both nonmyeloablative and myeloablative conditioning. 61 OS was comparable for both haploidentical and MUD donor groups at 44% to 50%, regardless of conditioning. Acute and chronic GVHD rates were significantly lower in the haploidentical group for both myeloablative and nonmyeloablative conditioning. For the myeloablative groups, NRM rates were 14% after haploidentical and 20% after MUD transplants, whereas relapse rates were 44% and 39% after haploidentical and MUD transplants, respectively.
Overall, haploidentical HCT offers an alternative to matched donor transplants that is easily accessible, has lower donor acquisition costs, and is safe. The primary weakness of this modality may be higher reported relapse rates, which counteract the survival benefits otherwise gained by low TRM. Myeloablative conditioning may better balance toxicity and long-term efficacy, although further investigation is needed. Regardless, overall outcomes appear comparable to matched donor sources.
Discussion
BMT remains the only curative therapy for high-risk AML. The ability to offer transplantation was previously limited by MRD availability, but with donor options described herein, nearly every patient now has a viable donor option. Because of lack of prospective comparative data and seemingly similar OS with all alternative donor sources, institutions vary in terms of their donor preferences. Our institutional practice is to prioritize transplants on study protocols to evaluate these questions.
As evidenced in the studies summarized herein, haploidentical HCTs result in extremely low rates of GVHD and favorable TRM compared with MUDs, but higher rates of relapse. However, because these studies compare only patients who successfully underwent transplant, they do not account for those who became ineligible for transplant while waiting to locate a donor. Indeed, one European study of patients with AML showed that average time to MUD HCT was 4.4 months for those successfully transplanted, resulting in 30% of patients becoming medically unfit for transplant while awaiting a donor. 62 Comparatively, with haploidentical transplants, rapid donor identification allows for transplantation at the time when patients would routinely be getting the first course of consolidation. If these differences are considered, haploidentical outcomes may prove superior to MUDs.
Like haploidentical transplants, UCBTs are readily available and can often be obtained in <1 month. 63 Compared with haploidentical HCTs, UCBTs confer lower rates of relapse. However, haploidentical HCTs result in superior toxicity profile and low TRM. Additionally, haploidentical HCTs allow the option of giving donor lymphocyte infusions to treat relapse after HCT, which is not possible after UCBTs. A prospective, multicenter, comparative trial (ClinicalTrials.gov identifier: NCT01597778) is ongoing to help determine, decisively, if one of these donor sources is superior.
Lastly, the success of alternative donor sources highlights the fact that it is reasonable to choose an alternative donor over an MRD when other factors favor the alternative donor. For example, recent data demonstrated that older MRDs may be unfavorable due to increasing risk of clonal hematopoiesis with age resulting in worse survival after transplant. 64, 65 Other donor-related factors known to influence transplant outcomes, such as comorbidities, cytomegalovirus status, blood type, killer-cell immunoglobulin-like receptor type, and sex may also be considered. Future studies should investigate whether such variables should take precedence over donor match.
Conclusions
High-risk AML is a devastating hematologic malignancy characterized by a poor prognosis. Allogeneic HCT can be curative in approximately 40% of patients who are able to undergo the procedure. One of the historical barriers to success, donor availability, should no longer be a limitation. Alternative donor sources, including MUDs, UCB, and haploidentical related donors, are available for nearly all patients with AML. Outcomes with these donors now approximate those of MRD transplants. Comparative trials are needed to reassess the optimal donor source for patients with AML because prioritizing HLA match may no longer be necessary. Further investigation is needed to assess the impact non-HLA variables have on HCT outcomes, which may better guide donor selection.
